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Fast-burning mechanism describes the rapid penetration, with a sharp-shaped wave-front, of a
strong magnetic field into a conductive metal whose electric resistance poses an abrupt rise at some
critical temperature. With its wave-front sweeping over a solid metal, the fast-burning can melt
or vaporize the metal very rapidly. This paper derives formulas for the existence conditions and
wave-front velocity of a fast-burning.
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I. INTRODUCTION
In many strong magnetically driven experiments
such as magnetically driven flyer plate, magneti-
cally driven line implosion, and explosive magnetic
flux compression, it is important for the metal me-
dia to keep in solid state as long as possible. One
reason is that solid state of the metal can reduce
the growth rate [1, 2] of the magneto-Rayleigh-
Taylor (MRT) instability [3–6] which breaks up
the integrity of the system and is one of the main
threat to the success of those experiments [5–7].
Another reason, for magnetically driven flyer plate
experiment [8], is that the back-end of the flyer
plate must keep in solid state for being able to be
implemeted in impact experiments.
The electric resistance of most metals increases
with temperature in the condensed region, and es-
pecially, the resistance usually poses a jump at
some critical temperature near the vaporization
point. A typical example of the temperature de-
pendence of metal resistance is shown in Fig. 1.
FIG. 1: Temperature dependence of electric resistance
of Aluminum. [9, 10]
Considering a general magnetically driven ex-
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periment that a solid metal media is pushed by
a strong magnetic field, shortly after the time
started, the magnetic field diffuses into some depth
of the metal, and Joule heat is generated together
and causes a rise of temperature in the diffused
region of the metal. The increase of temperature
causes an increase of the metal’s resistance due to
the positive dependence of resistance on tempera-
ture, which in return accelerates the magnetic dif-
fusion and causes the Joule heat to be generated
faster. Those positive feedbacks acting iteratively
may leads finally to a fast penetration of the mag-
netic field into the metal in case some conditions
are satisfied. Since the critical temperature is usu-
ally near the vaporization point, this fast penetra-
tion would melt or vaporize the metal in a short
time, thus we call this phenomenon ‘fast-burning’.
The fast-burning phenomenon may have ap-
peared in many magneto-hydrodynamics simula-
tions of strong magnetically driven experiments
where temperature dependence of resistance is con-
sidered [11, 12]. However, untill now, no special-
ized study of fast-burning are found in literatures.
In this paper, we have a theoretical study of fast-
burning, deriving formulas for its existence condi-
tions and penetrating velocity.
II. FAST-BURNING SOLVATION OF
MAGNETIC DIFFUSION EQUATION
A. Physical problem modeling
Let’s first establish a simplified mathematical
description of the physical problem to be discussed.
The physical problem is a vacuum magnetic field
diffuses into a metal slab, as illustrated in Fig.
2. Kinematic movement is not considered, and
temperature diffusion, whose rate is usually 10−3
smaller than magnetic diffusion, is also neglected.
Only magnetic diffusion is considered in the sys-
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2tem, i.e., the control equation is solely
∂
∂t
B(x, t) = − η
µ0
∂2
∂x2
B(x, t) (1)
The metal’s electric resistance poses a typical jump
at a critical temperature Tc, as modeled in Fig.
2(a), where ηL  ηS is assumed. The vacuum
magnetic field B0 is kept constant in the process.
At the initial state, the magnetic field distribution
in the metal slab is zero.
(a)
(b)
(c)
FIG. 2: (a): The metal’s electric resistance η evolving
with temperature T , with ηL >> ηS. (b): At the initial
state, a metal slab is exposed to a vacuum magnetic
field. (c): A fast-burning is propagating in the metal
after the time started.
After the time started, the vacuum magnetic
field diffuses into the metal, and Joule heat is gen-
erated in companion. If the Joule heat density is
large enough, it would rise the metal’s tempera-
ture above its critical temperature Tc, and cause
an abrupt increase of its resistance. The increase of
resistance will accelerate the magnetic field diffu-
sion. Those effects act iteratively will cause a fast
penetration of the magnetic field into the metal, as
illustrated in Fig. 2(c). In the following, for conve-
nience of discussion, we also talk about the critical
Joule heat density Jc, which is defined as the Joule
heat per volume (not per mass) that is required to
heat the metal to its critical temperature.
B. Fast-burning solvation of magnetic
diffusion equation
First, a one-dimensional numerical simulation
of the physical problem of Fig. 2 was car-
ried. In the simulation, the metal’s parameters
are set according to the material of steel. The
metal’s critical Joule heat density is set Jc =
1.0× 104J cm−3 (which is estimated with the for-
mula Jc = (Tc − T0)cvρ, with critical temperature
Tc = 3134K, room temperature T0 = 300K, heat
capacity cv = 0.45J g
−1K−1, and mass density
ρ = 7.86g cm−3). The metal’s resistance below Tc
is set ηS = 9.7×10−8Ωm while its resistance above
Tc is set ηL = 100× ηS, and the vacuum magnetic
field strength is set B0 = 200T. Simulation results
of the time evolution of magnetic field distribution
are shown in Fig. 3. Three typical characteristics
are shown in the figure: 1. there is a ‘knee’ on each
distribution line, and the magnetic field strength
at the knees is nearly constant; 2. the distribution
behind (leftside) the knee is very close to a linear
distribution; 3. the distribution ahead (rightside)
the knee is very close to an exponent.
Inspired by the above numerical simulation, we
guess a fast-burning solvation of the magnetic dif-
fusion equation as illustrated in Fig. 4. The sol-
vation is departed into three sections: a constant
field in the vacuum section, a linear distribution
in the large resistance ηL section, and an exponent
distribution in the small resistance ηS section, that
is
B(x, t) = B0, for x < 0, (2a)
B(x, t) = B0 − B0 −Bc
xc
x, for 0 < x < xc, (2b)
B(x, t) = Bc exp{−µ0
ηS
Vc(x− xc)}, for xc < x,
(2c)
where xc is time dependent, Vc ≡ dxcdt , Bc corre-
sponds to the height of the knees in Fig. 3(a) and is
assumed a constant, and B0 > Bc is also assumed.
This solvation satisfy the magnetic diffusion
equation (1) in an approximate sense under proper
3(a)
(b)
FIG. 3: Evolution of the magnetic field distribution
with time. Figure (b) shows the same results of (a) in
Log coordinate. Each curve in the figures represents a
magnetic field distribution at a different time, with a
time increase of 0.02µs between neighbored lines from
left to right. A dashed horizontal line is drawn in figure
(a) to mark the height of the knees.
FIG. 4: Magnetic field distribution of a fast-burning
solvation of magnetic diffusion equation.
parameters configurations. The exponent part Eq.
(2c) satisfies ∂∂tB =
ηS
µ0
∂2
∂x2B approximately if we
have ∣∣∣∣dVcdt
∣∣∣∣ (x− xc) V 2c . (3)
The scale of (x−xc) can be estimated by the coef-
ficient factor in the exponent, i.e. (x−xc) ∼ ηSµ0 1Vc ,
then the requirement (3) becomes∣∣∣∣dVcdt
∣∣∣∣ 1V 3c ηSµ0  1. (4)
The linear part Eq. (2b) satisfy ( x˜
2
Bc
µ0
ηL
) ∂∂tB =
( x˜
2
Bc
) ∂
2
∂x2B approximately if we have this equation’s
left hand approaching zero, i.e.,(
x˜2
Bc
µ0
ηL
)
(B0 −Bc) 1
xc
Vc  1. (5)
The x˜ is a typical length scale used for length nor-
malization and can also be set as x˜ ∼ ηSµ0 1Vc , then
the requirement Eq. (5) becomes
η2s
µ0ηL
1
Vcxc
B0 −Bc
Bc
 1. (6)
Bc in the solvation Eq. (2) needs to be deter-
mined. It is related to the critical temperature Tc
defined in Fig. 2(a). At the position xc, the metal’s
resistance changes from ηS to ηL, this means that
the Joule heat density produced at this point is
right Jc. This Joule heat is collected by the mov-
ing exponent section. So we have
Jc =
∫ ∞
0
ηSj
2(x′)
dx′
V (x′)
=
1
Vc
∫ ∞
0
ηS
(
1
µ0
∂
∂x′
(
Bc exp{−µ0
ηS
Vcx
′}
))2
dx′,
(7)
where V (x′) is the moving velocity of the exponent
section exp{−µ0ηS Vcx′} when the relative position x′
of the exponent section is sweeping over the con-
sidered fixed point in the metal, and we have used
an approximation V (x′) = Vc which means that
the velocity of the exponent section keeps nearly
constant when its main body is sweeping over the
considered fixed point. From Eq. (7) we get
Bc =
√
2µ0Jc. (8)
Eq. (8) also indicates an existence condition for
fast-burning, that is, for a fast-burning solvation
to exist, we must have
B0 >
√
2µ0Jc. (9)
Velocity of fast-burning Vc(t) can be determined
from energy conservation. The magnetic energy
flux at the point xc should equal the sum of the
magnetic energy increase rate and Joule heat pro-
duction ratio at the right side of xc, that is
− 1
µ0
E(x−c )×Bc) = (
1
2µ0
B2c )Vc+
∫ ∞
0
ηSj
2(x′)dx′,
(10)
4where E(x−c ) =
ηL
µ0
∂B(x−c )
∂x = −ηLµ0 Bc−B0xc , and the
term ( 12µ0B
2
c ) is the magnetic energy density at xc.
From Eq. (10) we get
Vc =
ηL
µ0
B0 −Bc
Bc
1
xc
. (11)
By applying the formulas (8) and (11), the re-
quirements (4) and (6) can be rewrote respectively
as
ηL/ηS  1 (12)
and
ηL
ηS
B0 −Bc
Bc
 1 (13)
C. Verification of the formulas
The formulas for Bc and Vc, i.e. Eq. (8) and
(11), can be verified by comparing them with the
one dimensional numerical simulations. Using the
same parameters as in the one dimensional simu-
lation in section II B, we obtain from formulas Eq.
(8) and (11) the results Bc = 1.58 × 102T and
Vc = (2.05m
2s−1)/xc. This value of Bc agrees well
with the one dimensional numerical simulation re-
sult, i.e. the height of the knees (the horizontal
line) in Fig. 3(a). The result Vc = (2.05m
2s−1)/xc
is drawn in Fig. 5 together with the results from
one dimsional numerical simulations, and good
agreement is also found.
FIG. 5: Comparison between formula and numerical
simulation results of Vc under different xc.
III. CONCLUSIONS AND DISCUSSIONS
The conditions for the emerging of a fast-
burning when a vacuum magnetic field diffuses
into a metal whose resistance poses a typical jump
at some critical temperature are B0 > Bc with
Bc =
√
2µ0Jc, ηL/ηS  1, and ηLηS B0−BcBc  1,
where B0 is the vacuum magnetic field strength,
Jc is the Joule heat density required to heat the
metal to its critical temperature, and ηS (ηL) is the
metal’s electrical resistance below (above) critical
temperature.
The velocity of the wave-front of a fast-burning
is Vc =
ηL
µ0
B0−Bc
Bc
1
xc
, which is proportional to the
metal’s resistance above critical temperature and
propotional to the difference between the vacuum
magnetic field strength and the critical magnetic
field strength. The velocity gradually slows down
when the wave-front propagate deeper (i.e. xc be-
comes larger) into the metal.
The formulas derived in this paper can be used
for estimating the time the metal keeps in solid
state when strong magnetic field are penetrating it,
and should be useful for the design of many strong
magnetically driven solid media experiments.
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